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Dion—-Jacobson compounds have a layered perovskite structure, and a small number of them have been
identified as being ferroelectric. Here, RbBiNb,O; powders are made by conventional solid-state
synthesis. The relatively large Rb ion produces an interlayer within the structure with a large spacing and
weak bonding. This work shows for the first time that a polar layered perovskite can be exfoliated into
2D nanosheets using a facile and scalable method, namely liquid-phase sonication. With both 2D
materials and ferroelectrics being of interest for photocatalysis, the photocatalytic performance of
RbBiNb,O7 nanosheets is characterized by measuring its dye degradation rate under a solar simulator. It
is demonstrated that the RbBiNb,O; nanosheet material effectively decolourizes Rhodamine B under
visible illumination even though it has a wide bandgap (3.45 eV), and that its photocatalytic activity is

greatly enhanced (~4 times faster) when decorated with photodeposited Ag nanoparticles. Reducing the

Received 22nd October 2019 . . . .
Accepted 31st January 2020 nanosheet size also increases the photocatalytic performance. This work demonstrates that polar 2D
Dion—-Jacobson phase RbBiNb,O; is a promising candidate for photocatalytic applications. Further

DOI: 10.1038/¢9tal16399 improvements are possible by identifying compounds with a narrower bandgap as a broad compositional
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1. Introduction

Dion-Jacobson (DJ) compounds, having the general formula of
A'A, 1B,O3,41, form a family of layered perovskites. They
consist of n perovskite blocks that are made of corner sharing
BOg octahedra with A-site cations in the 12-coordinate sites.
These blocks are separated by layers of A’ cations. Their unique
structure leads to many interesting properties, making them of
interest for many applications, including for solar cells,"* water
splitting®* and ferroelectrics.>”

It is known that DJ phase materials can be exfoliated into
nanosheets due to the large interlayer spacing and weak
bonding of the A’ layers. M. Hojamberdiev et al.® exfoliated the
centrosymmetric, non-polar, three-layer compound CsBa,Ta;-
0O, by a sequence of steps involving nitridation-protonation—
intercalation to produce nanosheets. They investigated its
properties as a catalyst for water splitting. A few papers®** have
reported the exfoliation of layered perovskites and measured
their dielectric or optoelectrical properties, for instance, T. C.
Ozawa et al.® exfoliated LiyEu, 56Ta,0-, and K(K; sEug 5)TazO1
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with three-step reactions and reported their photoluminescence
emission spectra; B.-W. Li et al.** exfoliated KLa, 9sNb,O; and
KLag 90EU0,05Nb,0; and measured their dielectric properties on
re-assembled thin films; M. Osada et al.**> exfoliated KCa,Nb;-
0,9, KSr,Nb3;0,4, and KSr,Taz;04, and then applied the same
Langmuir-Blodgett (LB) process as B.-W. Li et al. to prepare
multi-layer thin films for dielectric characterizations. However,
reports on successful exfoliation of polar/ferroelectric layered
perovskites are scarce. Moreover, the few papers*® that re-
ported exfoliated nanosheets from polar parent phases, such as
SrBi,Ta,0, and KCa,Na,Nb;044 (0.2 C m™?), all used complex
multi-step chemical exfoliation routes like those used above.
There is hence a need for a simple and scalable exfoliation
method to prepare polar perovskite nanosheets.

Recently, exciting new results have emerged that demon-
strate ferroelectricity in the non-centrosymmetric, polar, two-
layer D] phase ABiNb,O; (A = Rb, Cs).*” Like some simple
perovskites (e.g. BaTiO;), their spontaneous polarization origi-
nates from displacement of the A-site cations and tilting of the
octahedra.”” The spontaneous polarization of CsBiNb,O,
(a = 5.4964, b = 5.4223 and ¢ = 11.3704 A) and RbBiNb,0,
(a =5.4193, b = 5.3589 and ¢ = 11.2099 A) were calculated to be
around 0.438 and 0.47 C m ™, respectively.” It is of great interest
to investigate the potential photocatalytic properties of these
highly-polar materials. The possibility of being able to produce
them as nanosheets by exfoliation offers the potential to
generate high-surface-area catalyst materials that have polar

This journal is © The Royal Society of Chemistry 2020
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ferroelectric domains. Such ferroelectric polarization in layered
perovskites not only enhances, but also controls photocatalytic
reactions through selective redox chemistry.'®* Inducing
selective reduction or oxidation reactions at controllable loca-
tions on 2D structures enables spatial separation of photo-
excited electron-hole pairs. This can effectively reduce charge
carrier recombination and thus improve photocatalytic effi-
ciency. Another hot topic is band engineering of layered
perovskite photocatalysts, which has been reviewed theoreti-
cally and experimentally.”*** Methods like substituting transi-
tion metal cations in the Ruddlesden-Popper phases® and
incorporating hybrid systems such as single metal oxides/
perovskites'*** are suggested to fabricate narrow bandgap
catalysts.

Here we present the first demonstration of photocatalytic
activity in 2D nanosheets of ferroelectric RbBiNb,O,. The
material was prepared by a simple and scalable method
involving sonication of powder suspensions to exfoliate nano-
sheets. We show that a significant enhancement of photo-
catalytic activity can be achieved by photodeposition of Ag
nanoparticles onto the nanosheets, and that this deposition
selectively occurs on polar edge sites. Furthermore, we show by
size separation of the nanosheets that photocatalytic activity
correlates with sheet size, with higher activity for smaller sheets.

2. Experimental methods
2.1 Solid-state synthesis

RbBiNb,O, powder was synthesized by mixing stoichiometric
amounts of Rb,CO; (4 mass% excess to compensate for Rb
loss), Bi,O; and Nb,Os, and then calcining at 1000 °C for 4
hours in air. The product was ground and re-milled with
ethanol for 24 h, then re-calcined at 1000 °C for 4 hours in air
for better phase formation.

2.2 Exfoliation and size selection

We used a facile and scalable method to exfoliate RbBiNb,O-.
This was completed in two cycles. In the first cycle, 10 g of
RbBiNb,O, powder was mixed with 100 mL of 1-methyl-2-
pyrrolidone (NMP) solvent and then sonicated for 10 h using
an ultrasonic processor (VCX500, Sonics). After filtering the
sonicated suspension, the precipitate was mixed with fresh
NMP for a second and final 10 h of sonication. A lab centrifuge
(C2 series, Centurion Scientific) was used at 500 rpm and
1000 rpm to separate different sizes of nanosheets from exfo-
liated RbBiNb,0O- suspensions.

2.3 Ag photodeposition

0.3 g of exfoliated material was mixed with 15 mL of AgNO;
aqueous solution (0.01 M). The solution mixture was irradiated
with a UV illumination source (Hg lamp, 5.28 mW cm?) for 30
seconds under constant stirring. After photodeposition, the
powder was centrifuged and washed with distilled water, then
dried for photocatalytic measurement.

This journal is © The Royal Society of Chemistry 2020
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2.4 Characterization

X-ray diffraction of the bulk and exfoliated RbBiNb,O, was
performed using a Panalytical X'pert Pro diffractometer (Cu-K,;
A = 1.5406 A). Ultraviolet-visible (Lambda 35 & Lambda 950,
PerkinElmer) and Raman (inVia reflex, Renishaw) spectra were
recorded for bulk and exfoliated samples. Energy-dispersive X-
ray spectroscopy (EDX) on silver-decorated samples was
carried out using a scanning-electron microscope (FEI, Inspect
F). Transmission-electron microscopy of exfoliated samples and
silver-decorated samples was carried out using a JEOL JEM-
2010. Atomic force microscopy (AFM) micrographs of exfoli-
ated nanosheets on a silicon substrate were recorded using
a Bruker Dimension Icon. Photocatalytic performance was
characterized using the degradation rate of Rhodamine B dye
solution (initial concentration 50 ppm) in the presence of
exfoliated samples using a PerkinElmer Lambda 35 UV-vis
spectrophotometer. The degradation process was performed
under a solar simulator (Newport, class ABB) with an intensity
of 100 mW cm ™2 and an AM 1.5 filter. The specific surface area
of the exfoliated samples was calculated using the Brunauer-
Emmett-Teller (BET) method, and nitrogen absorption
isotherm data was obtained using a gas sorption analyzer
(Autosorb-1Q, Quantachrome Instruments).

3. Results and discussion

The Dion-Jacobson RbBiNb,O, powder was synthesised using
a conventional solid-state synthesis method, with the phase and
structure confirmed by XRD and Raman analysis (Fig. S1 and
S27). In order to test its photocatalytic activity, high-surface-area
powder samples are required. We investigated the possibility of
preparing 2D nanosheets of RbBiNb,O, by sonication. Unlike
conventional exfoliation methods, which include multiple steps
like protonation, intercalation, sonication and centrifugation,
our method only requires one simple and scalable technique
without the need for the addition of solvents like tetra(n-butyl)
ammonium hydroxide (TBAOH). Transmission-electron
microscopy (TEM) imaging showed that exfoliated nanosheets
were produced, some of which were broken into smaller pieces
(Fig. 1). This is commonly observed when exfoliating many

A

Fig. 1 TEM image of exfoliated RbBiNb,O; nanosheets showing
breakage (see arrows).
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Fig. 2
exfoliated RbBiNb,O; samples with/without Ag photodeposition.

materials, including graphene.” For photocatalytic applica-
tions, the break-up is in fact desirable, as it increases the overall
surface area of the catalyst. Calculated by the multipoint Bru-
nauer-Emmett-Teller (BET) method, the exfoliated RbBiNb,O,
had a total specific surface area of 16.04 m* g~ (Fig. S31). This
is much larger than the previous report for BaTiOs-based
powders (2.055 m”> g~ ').2* AFM imaging of exfoliated nanosheets
estimates their thickness to be 5-7 nm (Fig. S47). XRD and
Raman analysis (Fig. S1 and S21) both demonstrate that no
change in structure, phase or composition occurred because of
the exfoliation.

The photocatalytic activity of RbBiNb,O, was evaluated using
dye degradation analysis in order to provide a standardized
comparison of catalytic activity, and to facilitate comparison
with previous reports. The results show that despite the wide
bandgap of the DJ material, which was found to be 3.45 eV

from the Kubelka-Munk transformation
2
(F(R) = %, where R is diffuse reﬂectance) (Fig. 2a)

of its UV/vis reflectance data, bare RbBiNb,O, nanosheets can
successfully degrade Rhodamine B dye even under visible illu-
mination (AM 1.5, 100 mW cm %) (Fig. 2b). However, the rate
was relatively slow, degrading by only ~13% after 2 hours.
Similar results were also found for exfoliated CsBiNb,O,
(Fig. S57), but RbBiNb,O; will be the focus of this paper due to
its reported stronger ferroelectricity. As a control experiment,
Fig. S61 shows that unexfoliated RbBiNb,O; does not degrade
the RhB dye.

A large enhancement of photocatalytic activity can be ach-
ieved for ferroelectric photocatalysts using preferential photo-
reduction of an Ag precursor on the positively polarized
surface. This has previously been demonstrated for ferroelectric
BaTiO3, where Ag nanoparticles were deposited on the material
surface as a co-catalyst using photochemical deposition.”* In the
current study, Ag nanoparticles were similarly deposited on the
RbBiNb,0O; nanosheets by photochemical deposition (Fig. 3).
EDX analysis also confirms successful deposition of Ag particles
on exfoliated nanosheets (Fig. S7t), which led to a large increase
in the photocatalytic activity, with a 57% reduction in dye
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(a) Kubelka—Munk function fitting of RbBiNb,O5's diffuse reflectance spectrum; (b) photocatalytic dye decolourization performance of

concentration after 2 hours (Fig. 2b). This enhancement stems
from the metallic nanoparticles on the ferroelectric materials,
which are known to enhance the effect of polarization-induced
band bending at their interface and act as sinks for photo-
generated electrons, which lowers the recombination rate of
electron-hole pairs.*® TEM images of Ag-deposited samples
showed selective photodeposition of Ag nanoparticles (~5 nm)
on edge sites (Fig. 3), which are likely to be the polar surfaces of
the material as reported by other groups.*?® Recyclability test
(see Fig. S8t) confirmed that the catalytic activity was main-
tained after collecting, washing and re-using the catalyst.

To further investigate the effect of the size of the nanosheets
on the catalytic activity, size-separation was achieved by
centrifuging the samples at 500 and then 1000 rpm. This led to
two fractions with larger (500 rpm) and smaller (1000 rpm)
average diameters of 333 & 272 nm and 245 + 162 nm respec-
tively, measured from an average of 80 nanosheets (assuming
circular shape). The full histograms, which demonstrates the
size difference, can be seen in Fig. 4a and b. Both samples had
similar UV/vis absorbance curves (Fig. S9t), showing that the

Fig. 3 TEM image of Ag particles (arrows) on the surface of exfoliated
RbBiNb,O7 nanosheets. Ag nanoparticles preferentially deposit on the
polar edge sites (where there is a slight contrast change), and little on
the non-polar faces of the nanosheets.

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 Histogram of nanosheet lateral size for samples separated at: (a) 500 rpm; (b) 1000 rpm. (c) Photocatalytic dye decolorization perfor-
mance of exfoliated RbBiNb,O; samples centrifuged at 500 or 1000 rpm, with larger and smaller average diameters, respectively.

optical properties were conserved after centrifugation. The
rather large standard deviation in the sizes was due to
remaining unexfoliated bulk material after centrifugation, the
cause of which is as follows: conventionally the product is ob-
tained from the supernatant by going from higher to lower
centrifuge speed to extract first smaller and then larger sized
particles.”” However, here we extracted the products from the
precipitates in order to maximise the yield for the photo-
catalysis experiments. Therefore, our samples inevitably con-
tained some large bulk material. As demonstrated by M.
Buzaglo et al.?® in their graphene scale-up work, for liquid-
phase-sonicated and then centrifuged samples, most of the
graphene products were from the precipitates and had larger
size than those in the supernatant, and Raman confirmed that
neither were damaged by the sonication process in terms of in-
plane defects (however, there were edge defects).

Dye decolourization tests using 500 rpm and 1000 rpm
samples (equal mass) demonstrated that, as expected, the Ag-
decorated photocatalyst with a smaller average diameter (1000

Table 1 Rate constants of exfoliated RbBiNb,O; samples under
different conditions

Sample k [min™"] R

500 rpm RbBiNb,0O, 0.0013 0.96
500 rpm Ag-RbBiNb,0O; 0.0070 0.97
1000 rpm Ag-RbBiNb,O; 0.0087 0.96

This journal is © The Royal Society of Chemistry 2020

rpm), and therefore higher surface area, had a higher photo-
catalytic activity than the larger diameter nanosheets (Fig. 4c).
The rate constant (k) for dye degradation was calculated using
first-order kinetics (1n (C%) = kt) (see Fig. S107 for full details
of fitting). The results are listed in Table 1 to quantify the overall
photocatalytic activity. Besides the increase in surface area, the
size enhancement may be particularly notable because the
decrease in the size of the nanosheets led to an increase of the
polar, Ag-decorated edge sites, which are likely to be the most
catalytically active. This size effect therefore makes layered
perovskites potentially very promising candidates for photo-
catalytic applications, as their dimension can be reduced to
a desired level using the facile and scalable method of liquid-
phase sonication.

4. Conclusions

We show for the first time that it is possible to exfoliate a polar
layered perovskite using a facile and scalable method, namely
liquid-phase sonication. Nanosheets of RbBiNb,O;, can decol-
ourize Rhodamine B under visible light, with CsBiNb,O, also
shown to have a similar photocatalytic activity (degradation rate
of 6.5% per hour). A large enhancement of photocatalytic
performance can be made by depositing silver nanoparticles on
RbBiNb,O, due to reduced electron-hole recombination, which
increases the degradation rate by almost a factor of four. We
show by TEM imaging that the Ag nanoparticles are selectively

J. Mater. Chem. A, 2020, 8, 6564-6568 | 6567
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photodeposited on the polar edge sites of the nanosheets. We
compared two samples with different average size by using
different centrifuge speeds and found that smaller nanosheets
have better performance than larger ones as a result of their
increased surface area. This makes layered perovskites prom-
ising photocatalytic materials that can be easily exfoliated into
2D nanosheets of the required size, with further enhancement
in properties through combination with co-catalysts. Consid-
ering the wide bandgap of the DJ materials investigated in this
study (3.45 eV) and the broad potential compositional space for
DJ phases, their photocatalytic performance could be further
improved in the future by engineering/identifying narrower
bandgap compositions. Nitridation and doping with larger A-
site cations may also effectively reduce the band gap energies
as suggested in previous reports,® which would further improve
photocatalytic performance of DJ phases, making them poten-
tially excellent photocatalytic materials.
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